This article reviews the progress in the development of a possible battery technology based on calcium, which is an abundant element and has an interesting standard reduction potential. The main bottleneck has been to find electrolytes enabling reversible plating and stripping of calcium, which has been overcome recently. Ongoing efforts focus in optimizing them to enable effective operation of calcium anodes at room temperature and within a large redox potential operation window, despite the formation of a passivation layer at the electrolyte/anode interface. In parallel, researchers are looking for suitable cathode materials enabling reasonably fast insertion and de-insertion of Ca 2 + ions, which need to be probed using diverse complementary characterization techniques to avoid biased interpretation of results derived from possible side reactions. 
Introduction
A possible battery technology based on calcium ( Figure 1 ) is an attractive alternative to the more extensively studied one based on magnesium, also a divalent ion. Ca is more abundant than Mg (respectively, the 5th and 8th most abundant elements on the Earth's crust) and also exhibits high theoretical electrochemical capacity (both gravimetric and volumetric) with the standard reduction potential of Ca being 0.5 V lower than that of Mg. Moreover, Ca 2 + would hold promise for faster reaction kinetics than Mg 2 + due to its lower polarizing character, and hence better power performance may be expected. This last point is crucial for the development of new electrolyte formulations and new cathode materials enabling reasonably fast insertion and de-insertion of divalent cations [1, 2] .
Metal anode and electrolytes
The electrodeposition of divalent cations is not straightforward [3] . Indeed, unlike Li, which can be electroplated in a large variety of aprotic solvents, the first electrolyte enabling Mg plating was based on Grignard reagents with the addition of boranes in ether solutions [4] . However, no similar reports exist on Ca-based Grignard reagent electrolytes. In contrast to magnesium, for which PhMgCl (a common electrolyte precursor) is commercially available, calcium powder shows no reactivity with chlorobenzene, so the corresponding PhCaCl cannot be synthesized [5] . In contrast, heavier Grignards such as PhCaI can be prepared and have been suggested as a possible alternative to PhMgCl [5] , although it could affect the overall anodic stability of the electrolyte.
Peled and Straze [6] and Staniewicz [7] first reported on the electrochemical behavior of M-SOCl 2 (with M = Mg or Ca) systems. However, effort to electroplate Ca and Mg failed mainly due to the poor diffusion of divalent cations through the passivation layer (consisting of MCl 2 ), which had an anionic conductor nature ( Figure 2 A) [7, 8] .
Pioneering research work by Aurbach et al. , using conventional aprotic organic electrolytes, allowed to conclude that the electrochemical behavior of Ca metal anodes is surface-film controlled, as is the case for Li. However, Ca plating was thought to be virtually impossible ( Figure 2 B) due to the lack of divalent cation transport through the solid electrolyte interphase (SEI) [9, 10] , and thus Ca-based systems rapidly fell into oblivion. Recent work from our group demonstrated for the first time that calcium can be reversibly plated and stripped through a stable SEI layer at moderate temperature ( > 75 °C) using such electrolytes [11
•• ] . This work set out the basis for the development of new electrolytes for divalent cation-based batteries with high resilience upon oxidation (see Scheme of a Ca metal anode-based battery with the main properties required for its development.
coulombic interactions with the electrolyte solvent and salt anion than mono-valent cations such as lithium or sodium [13] .
Unfortunately, very few calcium salts are commercially available (the most commonly used being: Ca(ClO 4 ) 2 , Ca(TFSI) 2 , calcium triflate and Ca(NO 3 ) 2 in aqueous systems) [30, 14] their purity and dryness varying from one provider to another. The synthesis of Ca(PF 6 ) 2 salt (direct analog of the most commonly used lithium salt) has been reported recently by Ingram et al. [20] and by the group of Professor Grey [15] despite significant decomposition of the anion. Ca plating has also been recently reported at room temperature using Ca(BH 4 ) 2 in tetrahydrofuran (THF) with an SEI layer mostly consisting of CaH 2 , despite the use of this solvent comes to the expense of a severe limitation in terms of electrochemical stability window [16 •• ] .
Ca metal being the most attractive anode in a Ca cell, the literature on insertion or alloying-type anode materials is scarce. Preparation of the first stage calcium graphite intercalation compound (CaC 6 ) was achieved through reaction between a pyrolytic graphite platelet and a molten lithium-calcium alloy at around 350 °C [17] . Obrovac et al. calculated the volume expansion and volumetric energy densities of various Ca alloys negative electrodes [18] , but experimental proof of CaSi 2 decalciation was only recently reported [19] . In addition to that, a Sn-Ca alloy electrode was prepared electrochemically and, despite very low capacities ( < 50 mh/g), used as counter electrode in a Ca-ion cell with a Prussian Blue cathode [20] .
Reliability of electrochemical setup
A crucial issue in such electrochemical tests is the absence of reliable reference and counter electrodes. Indeed, metal electrodes are widely used as counter or reference electrodes in the so-called half-cell configuration. However, and in contrast to what is well known for lithium, for Ca and Mg the formation of an SEI impacts their trustworthiness as reference electrodes [12
and silver is often used as a pseudo reference. However, possible electrolyte contamination due to the silver salts dissolution (formed in situ within the cell) has never been discussed. With respect to counter electrode, as mentioned above, Ca plating has long thought to be impossible and supercapacitive (e.g. activated carbon) or platinum were used. This can bring in additional issues since oversizing the counter electrode is not obvious [21] . Indeed, due to the large gap in terms of specific capacity between the working (involving faradaic processes through the bulk of the active material) and the counter electrodes (involving only capacitive/surface processes), reduction/oxidation of the electrolyte at the counter electrode can take place. These parameters are crucial to ensure reliability of the tests but are seldom discussed in the literature, which may lead to misleading conclusions with respect to the performance of the materials tested.
Electrode materials
The first attempts to study calcium ion intercalation in transition metal compounds were part of the early intercalation chemistry research in the 60s-70s [22] . Such studies involved mostly transition metal disulfides (WS 2 , TaS 2 , TiS 2 …) but also some oxides (e.g. MoO 3 , V 2 O 5 ) with crystal structures exhibiting a van der Waals gap in which intercalation of a range of neutral or charged species was possible, the latter concomitant to reduction of the transition metal. Despite most of the studies were devoted to the intercalation of alkaline ions (predominantly lithium), attempts to chemically intercalate other ions with comparative purposes were common. These were typically carried out in aqueous solutions of the corresponding hydroxides or the metal dissolved in liquid ammonia. The structural characterization of the intercalates typically based in assessment of the expansion in the van der Waals gap by following the shifts in the lowest angle reflections. Co-intercalation of the solvent (either H 2 O or NH 3 ) yielding very large interlayer species was not uncommon. After this initial stage, the potential to develop positive electrode materials for lithium batteries was soon realized (commercialization of the Li-ion battery technology took place in 1991) [23] and intercalation studies devoted to lithium with multivalent ions remained an academic curiosity and focused mainly in magnesium [5,24
There are only a few reports published in the early 2000s dealing with the feasibility of calcium intercalation, as exploration of materials enabling a reversible redox reaction involving calcium ions has been, until very recently, hampered by the lack of suitable electrolytes. These are limited to the electrochemical study of hexacyanoferrates using an aqueous [25] electrolyte or combining electrochemistry and diffraction for V 2 O 5 using Ca(ClO 4 ) 2 in acetonitrile as electrolyte [26] . The more recent quest for high energy battery technologies related to the imperative evolution toward electrification of transportation and renewable energy integration prompted the investigation of new concepts involving the use of abundant elements and metallic anodes and brought about renewed interest in calcium intercalation. This resulted in investigation of more exotic chemistries such as Ca/O 2 [27, 28] or Ca/S [29] , which showed some electrochemical response and re-investigation of hexacyanoferrates both using aqueous [30] and organic [31] electrolytes, which enabled to prove very reversible electrochemical response for these compounds, with enhanced capacity derived from water addition to the organic electrolytes [32] . Despite some attempts [33, 34] that indicate minor modifications of the structural framework, if any, the redox mechanism and the possible role of water molecules (either present in the as prepared hexacyanoferrates or in the electrolyte) is not fully elucidated. In parallel, the assembly of a Caion battery using V 2 O 5 as negative electrode and layered CaCo 2 O 4 as positive electrode has also been reported and again, despite some changes in the diffraction pattern and XPS spectra, the full elucidation of the redox mechanism is pending [35] . These facts highlight the difficulty in translating the know how achieved by the academic community in the Li-ion battery field to multivalent systems. Indeed, the possible side reactions related to the presence of water (e.g. proton intercalation as reported for magnesium intercalation in V 2 O 5 ) [36] , electrolyte decomposition or current collector corrosion [37] can lead to misleading assumptions with respect to calcium intercalation. Hence, the use of complementary characterization techniques [38] is a must to clearly assess the above mentioned findings. Besides experiments, theoretical studies are also a very useful tool in screening potential positive electrode materials for calcium-based batteries [39] [40] [41] [42] . Yet, the topic is complex as some hosts that have been predicted to enable low migration barriers for calcium, such as a hypothetical CaMn 2 O 4 spinel, come to the expense of phase stability and hence, the polymorphs that can be synthesized experimentally are different and exhibit larger migration barriers [43] .
Despite such a pessimistic scenario, one can already see a tiny light at the end of the tunnel, and the combination of electrochemical approaches [12 •• ] with diverse complementary characterization techniques has enabled to re-investigate traditional layered hosts and assess reversible calcium intercalation and de-intercalation in TiS 2 ( Figure 3 ) [44 •• ] , and polyanionic frameworks [45] and viability of electrochemical calcium extraction in new 1D structures [46] . The road toward the development of a positive electrode material operating at high potential and enabling decent capacities with fast kinetics is clearly very long and winding. Nonetheless, coupling theory and experiments with a rigorous analysis to detect any side reaction artifacts is certainly an attractive playground for researchers that will surely unravel new materials in the years to come.
Conclusions and perspectives
Finally, even though Ca-based batteries attracted much less attention than their Mg analogues, interesting strategies for their development were highlighted. Two parallel approaches are being pursued. The first attempts to develop Ca-ion cells using electrolytes which do not lead to the formation of an SEI, despite the absence of available anode materials and the prospects of limited energy density when compared to Li-ion. This approach is inherently limited, as such electrolyte formulations exhibit a narrow electrochemical stability window and hence are neither compatible with high potential cathodes nor with the calcium anode low operation potential. The second strategy consists in optimizing the performance (mostly related to kinetics) of Ca anodes in SEI-forming electrolytes in order to develop high voltage and high energy density cells. As for today, Ca-based battery technology is still in its infancy with V 2 O 5 and Prussian Blue being the most studied positive electrode materials. Trustworthy reference and counter electrodes must be identified in order to allow for reliable assessment of electrode materials. Ca plating and stripping kinetics and efficiency also need to be improved. We foresee that a deeper understanding of the nature of cation complex formed in the electrolyte, its transport properties and of the interfacial processes (adsorption, desolvation …) will be key for further development of this technology (as was also the case for Li-ion and Mg-based system). Hopefully, all such efforts will soon yield to the assembly of a full high energy density proof-of-concept cell. 
11.
• The reliability of electrochemical tests using Li, Na, Mg and Ca half-cells is discussed. The cation solvent interaction was found to follow the polarizing power of the cations, i.e. Mg2
+ > Ca2 + > Li + > Na + > K + and divalent cation based electrolytes are shown to have stronger tendency to form ion pairs, lowering the cation mobility. The nature of the cation solvation shells was also studied.
